This contribution is devoted to optical characterization of five layered planar waveguide sensors with a dielectric core sandwiched between two identical left handed material (LHM) layers, all immersed in water. Making use of the transmission matrix technique, the field amplitudes of the TM polarized waves within the layers are derived. Consequently, the dispersion relation, the power flow and the sensitivity of the sensor are also derived.
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Introduction:
Optical waveguides are delete essential to integrated optical devices (Tien et al. 1973 , Shibukawa 1981and Li et al. 2016 ). Many theoretical studies concerning analysis of dispersion equations were introduced for many planar waveguide structures comprising linear and nonlinear media (Ankiewicz and Tran 1991, Fontaine 1991) . The slab (planar) optical waveguides have been intensively studied in optical sensors (Shabat et al. 2007 , Tiefenthaler 1998 and Shi et al. 2016 ) in which the effective refractive index is used to probe the variations in the refractive index of an analyte. Sensing is performed by the evanescent tail of the field in the cover medium (Veldhuis et al. 2000 , Kunz 1997 . It has been shown that the use of left handed materials (LHM) improves the evanescent tail in the planar waveguides so that they can be used to enhance optical sensitivity (Qing and Left handed materials are man-made composite materials whose permittivity and permeability are both negative. Historically, LHM's were first suggested by Veselago in 1968 (Veslago 1968 . He predicted a number of unusual features of waves in LHMs, including negative index of refraction, the reversal of both Doppler's effect and power flow. These composite materials are sometimes referred to as metamaterials because they are man-made structures designed to exhibit specific properties not commonly found in nature. It was a real challenge to get a negative permeability because the spin angular momentum, in conventional materials, can't respond to high frequencies [Aoyagi and Kajikawa 2013] so that the relative permeability is often unity (=1). It was reported that the use of nanorods would considerably force the angular momentum to respond to changes in magnetic fields. Using metallic rods and split rings, scientists could realize negative permittivity and negative permeability structures that were reported to have novel properties (Pendry et al. 1999 Optical properties of symmetric and asymmetric planar optical waveguide structures supported with LHM and negative refractive index layers have been widely studied (Ramakrishna 2005 and Urbani 2007 ). Some years ago, the effect of such materials on optical sensors was investigated. A three layer planar waveguide with a LHM core was investigated by Wang and Dong (Wang and Dong 2006) . In their article, the authors came to the conclusion that evanescent and surface waves can propagate in the LHM medium and that the net power flow can be forward or backward depending on the parameters and the structure of the device.
Taya et al showed that the power flow in the surroundings had increased in four layer planar waveguide structures comprising metamaterials (Taya et al. 2012 ). More recently, M. Abadla and M. Hamada (Abadla and Hamada 2016) studied some optical properties in a structure of negative index material clad covering a chiral material guiding core and showed that the structure could exhibit both forward and backward modes. In a very recent contribution, M. Abadla and S. Taya (Abadla and Taya 2017) studied the characteristics of waveguides with a core having both chirality and negative refractive properties. Promising properties such as backward power flow and frequency tunneling below cut off please make sure frequency have been observed.
In this work, a symmetrical five layer waveguide structure is studied. Field amplitudes, dispersion relation, power flow and sensitivity of the structure are all studied through the transmission method approach (Lizuka 2002 and Pedrotti et al. 1993) , and the resulting formulae are put in a rather compact generalized form. A computer program was developed to analyze some numeric examples so that the effect of different parameters on the optical properties could be studied.
Theoretical approach:
Structure and constituent fields
The structure under consideration is schemed in Fig.1 . A dielectric guiding film of width d and refractive index n 1 is sandwiched between two identical LHM layers each of width h with permittivity  2 and permeability  2 . The refractive index of the LHM medium is . These three layers are immersed in a semi-infinite homogeneous analyte of refractive index n 3 so that two identical cover media are constructed. A sinusoidal wave is propagating along z with propagation constant  such that:
The y-component of the fields is assumed to extend indefinitely so that Upon substituting from eq.1 into eq.2 then:
For guided waves to exist,
in the guiding medium must be positive in order to have sine-cosine solutions. In the other media, the evanescent behaviour requires
to be positive to maintain exponential decay.
It is reasonable to imagine that the guiding film is split into two identical layers so that we end with a six-layer waveguide structure symmetrical about the x=0 plane as in Fig.1 above. Because of this symmetry, it is convenient to study only the upper half of the plane x=0 with which we can compute the dispersion equation and the field amplitudes for the configuration. In p-polarized (TM) waves, the magnetic field is perpendicular to the plane of incidence (y-direction in this study) whereas the electric field components are in the x-z plane. The magnetic field component within the layers can be written as:
In TM modes, the electric field components are related to the magnetic field through the relation:
The tangential components of the electric fields (along z axis) are then:
is the intrinsic impedance of medium i and i=1,2,3.
The transmission matrices
Applying the transmission matrix technique (Lizuka 2002 and Pedrotti et al. 1993 ) on the upper half of the sensor, one gets:
are the transmission matrices for the two interfaces of the upper part of the configuration. For two points x and x`=x- within the guiding layer, the fields are given as:
Solving for the fields and arranging, one can write the fields in the form:
where
T is the transmission matrix that relates the fields within the guiding layer. If x and x` are chosen to be d and 0; respectively, then:
Following the same procedure for the fields within the mid layer, we get:
with  2
T being the transmission matrix in the upper part of the core film. Again, at the boundaries we have:
Thus, the fields at x=d+h can be expressed as: 
Field components: 2.3.a Even modes:
In the core film, the electric and magnetic fields are related to H y (0) as: 
Thus;
In the mid layer, one writes:
This gives:
In the cladding medium:
Substituting from eq.(18), one gets:
2.3.b Odd modes
Here the magnetic field is zero at x=0 so that in the core medium: 
In the mid layer: 
In the cladding medium: Using the substitution 
Dispersion relations:
Making use of the relation: ) ( ) ( 
Power flow within the layers:
The power flow along the direction of propagation is given from Pointing's vector as: (27) Substituting for Ex from the relation The total power is then given as:
Two important quantities are related to the power flow within the structure. The first is the normalized power, which determines whether the waves are forward or backward. It is defined as:
The other is the fraction of the power flow within the cladding which is very important in sensing consideration. Some mathematical treatment will result in the power flow within the device given as:
The superscript  takes on the values +1 for even modes and -1 for odd modes.
Sensitivity
In homogeneous sensing, the sensitivity (Tiefenthaler 1989 ) of the structure is defined as the change in modal effective index prior to the change in the refractive index of the clad medium. Mathematically; 
Such that:
Numerical analysis and discussion:
The proposed sensor is shown schematically in fig.1 above. The core is chosen to be glass of refractive index n 1 =1.56. Two identical layers of lossless left handed materials with permittivity  2 =-1.5 and permeability  2 =-1 at 250 THz (1200nm) are considered. The device is then immersed in water of  3 =1.77. In all computations, the LHM layer width is taken to be h= 4/k o , where ko is the wave number in free space.
The dispersion relation is solved numerically for specific core widths and the effective refractive index is calculated. Accordingly, the dispersion curves for both even and odd TM waves are plotted. In Fig.2 below, the three first modes for even and odd modes are shown. It is just the zeroth (fundadmental) odd mode that survives. This mode is very steep that it drops from its maximum to minimum value within about 0.7k o d change in width. This means that this mode is very sensitive to changes in guiding width. As the normalized width increases, the effective index soon approaches that of the outer claddings (water in our case) so that the penetration goes deeper in these media. Since the guiding film is ultrathin (~100nm), we expect much power flow in the surroundings. Consequently, the sensitivity of this mode is expected to increase with guiding width.
In higher order modes, the situation is wholly different. The effective index increases with increasing the guiding film width. It is clear that the
confinement is very weak for small values of k o d and that it gets stronger with increasing the width up to a value when the sensor can hardly see the claddings, i.e, a very small sensitivity. In addition, the high confinement means that the majority of the power flow is now due to the guiding film.
Depending on the dispersion curves, one may assign the pair (k o d,N) for specific values of m and substitute for them in the field amplitudes to have the field profiles. These fields (in arbitrary units) are shown for the first mode (m=1) in Fig.3 below. It is apparent that the field amplitude (which is related to the power) in the guiding film is much greater than the evanescent tail in the clad. The fraction of the power flow in the various layers, especially that flow in the clad, is very important because it gives light on sensitivity and whether the overall wave is forward or backward. In Fig.4 , the fraction of the power flow P i ‫|‪P‬|/‬ and the normalized power flow P n for the fundamental (m=0) odd mode are studied. According to the discussion in Fig.2 above, the confinement in the fundamental mode decreases with guiding width and the power flow in the clad thus increases. This is wellrealized in Fig.4 as expected. The maximum achievable fraction of the power flow in the clad occurs at the highest guide width because the confinement is now minumum. In this mode, the power flow in the LHM layer is high enough to make the overall power flow backward. This is illustrated by the negative normalized power in this figure. The other modes show a different behaviour. The normalized power flow is now positive for all thicknesses meaning that the structure exhibits an overall forward wave.
Power fraction The fraction of power flow within the cladding decreases with the guiding layer thickness and the sensitivity is therefore expected to decrease. Fig.5 below illustrates this for both even and odd modes at m=1. It is clear that the fraction of power flow in the guiding film increases with thickness and the confinement increases, an alternative evidence that the fraction of power flow in the clad decreases with guiding film thickness. The even mode is higher valued so that it is preferable for sensing applications.
Assigning numeric values to the guiding width and solving the dispersion relation for the effective index, one can substitute in eq.34 and compute the sensitivity. In Fig.6 , the sensitivity is plotted against N for the first three modes. As predicted above, the fundamental mode is the most sensitive and the first even mode is more sensitive than the first odd one. It is easy to notice that sensitivity at m=0 withstands for a higher range of N (in fact the whole entire range). At some value of effective index, the sensor becomes blind for the surroundings and can no longer see them and the sensitivity decreases down to its minimum. In Fig.7, the sensitivity is plotted against k o d. For m=1 , the sensitivity decreases with increasing guiding thickness. In the fundamental mode m=0, sensitivity increases within the appropriate (allowed) widths with the increase of the width. This is in perfect coincidence with the discussion above. 
Conclusion
The transmission matrix method has been used to study the multiplanar waveguide sensors. Depending on the dispersion equation, the power flow and sensitivity of the sensor have been analyzed for specific modes.
Sensitivity (S)
The study reveals that the fundamental odd mode is very sensitive to the change in the waveguiding width. Opposite to other higher modes, the sensitivity of the fundamental mode increases with the increase of the guiding width. In higher order modes, the sensitivity of the even mode is higher valued for the same configuration. Existence of the left handed material mid layer with the appropriate parameters makes it possible to have a backward wave propagation within the structure.
